This study aims at investigating ballistic impact properties of Zr-based amorphous alloy (LM1 alloy) matrix composites reinforced with woven stainless steel or glass continuous fibers. The fiber-reinforced composites with excellent fiber/matrix interfaces were fabricated without pores and misinfiltration by liquid pressing process, and contained 35 to 41 vol pct of woven continuous fibers homogeneously distributed in the amorphous matrix. The woven-STS-continuous-fiber-reinforced composite consisted of the LM1 alloy layer of 1.0 mm in thickness in the upper region and the fiber-reinforced composite layer in the lower region. The hard LM1 alloy layer absorbed the ballistic impact energy by forming many cracks, and the fiber-reinforced composite layer interrupted the crack propagation and blocked the impact and traveling of the projectile, thereby resulting in the improvement of ballistic performance by about 20 pct over the LM1 alloy. According to the ballistic impact test data of the woven-glass-continuousfiber-reinforced composite, glass fibers were preferentially fragmented to form a number of cracks, and the amorphous matrix accelerated the fragmentation of glass fibers and the initiation of cracks. Because of the absorption process of ballistic impact energy by forming very large amounts of cracks, fragments, and debris, the glass-fiber-reinforced composite showed better ballistic performance than the LM1 alloy.
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BECAUSE combat vehicles such as armored vehicles
and tanks generally require excellent protective capabilities in order to establish the safety and survival of those on board, intensive studies have been completed on designing armor structures and modifying armor plates. [1] [2] [3] Recently, remarkable advances in amorphous alloys having high amorphous forming ability have been made by conventional casting methods. [4] [5] [6] [7] [8] Among them, Zr-based amorphous alloys have excellent amorphous forming ability, hardness, strength, stiffness, wear resistance, and corrosion resistance. [9] [10] [11] [12] [13] [14] [15] They can be applied to armor plates requiring excellent ballistic performance, [16, 17] because their fracture toughness can be enhanced under extremely fast loading conditions such as ballistic impact. [18, 19] For the armor application of amorphous alloys, however, there remain problems to be solved, a typical one of which is brittle fracture. Since plastic deformation at room temperature in amorphous alloys is concentrated on highly localized shear bands, plastic zones are hardly observed even under quasi-static tensile or compressive loading. [20] [21] [22] The plastic deformation at one shear band is highly localized, and only a few shear bands work until reaching a final brittle fracture. This is why they show stress-strain curves observed in brittle materials such as ceramics, and their plastic strain ranges from 0 to 2 pct under compressive loading, while it is nearly nil under tensile loading. [23, 24] In order to solve this problem, intensive studies have been completed to fabricate composites by partial crystallization, [25] [26] [27] [28] addition of crystalline particles in amorphous melt, [29] [30] [31] [32] infiltration of melt into continuous metallic fiber preform, [33, 34] and dispersion of ductile crystalline particles in the amorphous matrix. [35] The compressive elongation of amorphous matrix composites, where ductile dendrites are formed in-situ in the amorphous matrix, reaches up to 10 to 15 pct under compressive loading, as the formation of deformation bands at dendrites and multiple shear bands in the amorphous matrix can favorably affect the ductility. [36] When fabricating the cast amorphous matrix composites reinforced with continuous metallic fibers, it is important to control reactions of fibers with the amorphous melt since most metallic fibers have high reactivity with the amorphous melt. To effectively fabricate amorphous matrix composites reinforced with continuous fibers, it is necessary to introduce new-concept fabrication technologies, one of which is a liquid pressing process. [37, 38] This process might be considered as a reliable fabrication method of the cast amorphous matrix composites, because the crystallization of the amorphous matrix can be prevented or minimized by rapid cooling of the amorphous melt. In addition, it has the advantages of complete infiltration of the melt inside fibers and of elimination of pores or defects formed by contraction during solidification.
In this study, woven STS304 stainless steel continuous fibers or glass continuous fibers were used as reinforcements because of their cost effectiveness in comparison with refractory metals such as tungsten, tantalum, and molybdenum, together with excellent corrosion resistance. Amorphous matrix composites, whose matrix was a Zr-based amorphous alloy, were fabricated by the liquid pressing process. The microstructure of the fabricated composites was analyzed, and ballistic impact tests were conducted on these composites in order to obtain a proper perspective on effects of microstructure on fracture under ballistic impact. Their ballistic properties were characterized by the microstructural observation of the ballistically impacted target specimens. The role of cracking or fragmentation in the composites was brought into focus, and its importance in absorption of ballistic impact energy was examined. Based on the test results, the feasibility of the liquid pressing process for fabricating the amorphous composites was verified, and mechanisms of the improvement of ballistic performance were investigated.
II. EXPERIMENTAL
The Zr-base amorphous alloy was an ''LM1'' alloy, which is a commercial brand name of Liquidmetal Technologies (Lake Forest, CA). Its chemical composition is Zr 41.2 Ti 13.8 Cu 12.5 Ni 10.0 Be 22.5 (at. pct), and it has very high amorphous forming ability, excellent hardness, strength, and corrosion resistance. [9, 23, 39] Woven STS304 stainless steel continuous fibers having excellent strength, ductility, and corrosion resistance or S-2 glass continuous fibers having high strength, high melting temperature, and excellent resistance to reaction with molten metal were used as reinforcements. S-2 glass is a widely used high-strength one having composition 65 wt pct SiO 2 , 25 wt pct Al 2 O 3 , and 10 wt pct MgO. [40] The diameter of STS fibers is about 50 lm. Woven glass fibers consist of bundles (bundle width: 5 mm, thickness: 0.3 mm) of fine glass fibers of 8 to 10 lm in diameter. The optical microstructure of the LM1 alloy is shown in Figure 1 . Fine polygonal crystalline particles sized by 1 to 3 lm are distributed in the amorphous matrix. These crystalline phases are identified to be fcc phases (lattice parameter: 1.185 nm), [41, 42] and their volume fraction is 1 to 2 pct. Representative physical properties of the LM1 alloy, STS continuous fibers, and glass continuous fibers are summarized in Table I . Figure 2 shows a schematic diagram of the liquid pressing process. [43] The STS304 stainless steel mold of 100 9 100 9 22 mm in size, whose interior was sized by 50 9 50 9 5.5 mm, was used. About 50 layers of woven continuous fibers and LM1 alloy plates were placed in the mold interior, degassed, and vacuumed. The mold was heated to 1143 K (870°C), held for 5 minutes, and then pressed under a pressure of about 10 MPa. The LM1 alloy melt was completely infiltrated into woven continuous fibers to form the composite in the mold interior. Pressing was accompanied with water cooling so that the solidified matrix could readily form amorphous phases. For convenience, amorphous composites reinforced with woven STS304 and S-2 glass continuous fibers are referred to as ''S'' and ''G,'' respectively.
The composites were sectioned, polished, and etched in a solution of 70 mL H 2 O, 25 g CrO 3 , 10 mL HNO 3 , and 1 mL HF for optical microscope and scanning electron microscope (SEM model: JSM-6330, JEOL*) observations. Crystalline phases in the composites were analyzed by X-ray diffraction, and their size and fraction were measured by an image analyzer. The hardness of the composites was measured from the surface down to the interior by a Vickers hardness tester under a load of 2 kg.
The upper part and two sides of the STS304 mold (size: 100 9 100 9 22 mm) were sectioned off, and the remaining mold containing the composite (size: 100 9 50 9 (9.6 to 11.1) mm) was used as a target specimen. The other two sides of the STS304 mold were used as grips for jigs of the ballistic impact test, and the STS mold region beneath the composite played a role as a backup substrate. Shape and dimensions of a target specimen are shown in Figure 3 . The target specimen was impacted ballistically at velocity of about 710 m/s by a projectile (M80 bullet, lead core, 7.62 outer diameter 9 51 mm, 9.6 g). The target specimen was fixed by jigs at a distance of 5 m from a gun, and the velocity of the projectile was measured at a distance of 3 to 4 m from a gun. To improve the reliability of the test data, three targets were used for each composite specimen. After testing, the perforated or fragmented target specimens were recovered and observed by an SEM. Some fragmented parts were observed by an SEM to investigate the fractured mode. The volume fraction of these dendritic phases is about 34.8 pct in the matrix. The hardness of dendritic phases is measured to be 917 VHN by an ultra-micro-Vickers hardness tester under a load of 5 g, indicating that the dendritic phases are harder than the amorphous matrix.
III. RESULTS

A. Microstructure
Figures 5(a) through (d) are SEM micrographs of the woven-glass-continuous-fiber-reinforced composite (G specimen). In the microstructure of the plane vertical to the surface, woven bundles aligned in parallel or vertical to other bundles are visible, and the fiber-free amorphous matrix region also exists ( Figure 5(a) ). The glassfiber-reinforced composite layer of 2.8 mm in thickness is located in the upper region of the composite, below which the LM1 alloy layer of 1.1 mm in thickness is placed. This is because the LM1 alloy melt remained after the infiltration into woven glass fibers was solidified in the lower region of the composite due to the lower density of glass fibers (density data in Table I ). In the microstructure of the plane parallel to the surface, woven bundles of glass fibers are well shown ( Figure 5(b) ). The volume fraction of overall glass fibers is about 41 pct. Even inside bundles of fine fibers, pores or defects formed by misinfiltration are hardly found ( Figure 5(c) ). This indicates a successful infiltration of the LM1 alloy melt into very fine spaces between glass fibers during the liquid pressing process. Defects or reaction products are hardly found at the fiber/matrix interfaces, because elements of glass fibers are hardly diffused into the molten LM1 alloy due to the excellent resistance to reaction with molten metal.
[44] Figure 5 (d) is an SEM micrograph of the amorphous matrix region. Crystalline particles are observed, and their size and volume fraction are 2 to 5 lm and about 10 pct, respectively.
The presence of crystalline particles in the S and G specimens is confirmed by the X-ray diffraction data, as shown in Figures 6(a) and (b) . Sharp diffraction peaks of Fe and various complex compounds such as FeZr, FeTi, CuNi, FeNi, and NiTi are observed in the S specimen, while broad halo patterns weakly appear The upper part and two sides of the STS304 mold (size: 100 9 100 9 22 mm) containing the composite reinforced with continuous fibers (size: 50 9 50 9 (3.9 to 5.5) mm) were sectioned off, and the remaining mold part was used as a target specimen. The STS mold region beneath the composite region plays a role as a backup substrate (unit: millimeters).
( Figure 6(a) ). This indicates that various kinds of compounds are formed during the liquid pressing process. In the G specimen, sharp diffraction peaks of various oxides such as ZrO 2 , Ti 2 O 3 , CuO, and Fe 2 O 3 , as well as broad halo patterns of amorphous phases of the LM1 alloy and S-2 glass continuous fibers, are found, as shown in Figure 6 (b). These oxides might be formed by the diffusion of elements of glass fibers during the fabrication process.
B. Hardness
The hardness test results of the S and G specimens are shown in Figures 7(a) and (b) . The bars associated with each hardness data point represent the standard deviation of each hardness measurement. In the LM1 alloy layer of the S specimen, the Vickers hardness ranges from 550 to 570 VHN, and its distribution is considerably homogeneous (Figure 7(a) ). The hardness stays steady at about 560 VHN down to the interfacial region, where it decreases to about 450 VHN, which is the hardness of the STS-fiber-reinforced composite layer. Since 35 vol pct of ductile STS continuous fibers (hardness: about 210 VHN) are distributed in the amorphous matrix, the overall hardness of the composite layer is lower than that of the LM1 alloy layer. [45] The hardness of the glass-fiber-reinforced composite layer of the G specimen is about 580 to 610 VHN (Figure 7(b) ), which is higher than that of the S specimen because glass fibers are harder (hardness: about 670 VHN) than STS fibers. It is also higher than that of the LM1 alloy layer because of the reinforcement of hard glass fibers.
C. Ballistic Impact Properties
Target specimens (size: 100 9 50 9 (9.6 to 11.1) mm) containing the LM1 alloy, S specimen, and G specimen were impacted ballistically at velocity of about 710 m/s by a M80 projectile, and the test results were compared with those of the base plate specimen (STS304 mold). The thicknesses of the LM1 alloy layer, the fiber-reinforced composite layer, the STS backup substrate, and the total target specimen were measured, and the results are shown in Table II . The base plate specimen was perforated by the M80 projectile. Since the impact energy is concentrated near the impact point, a violent interaction between the projectile and target causes a large amount of fragmentation of the LM1 alloy, S specimen, and G specimen. As the LM1 alloy, S specimen, and G specimen were fragmented and completely separated from the surface of the backup substrate, fragmented parts were recovered and photographed, and the results are shown in Figures 8(a) through (c) . The LM1 alloy, S specimen, and G specimen were broken into several parts, while ballistically impacted areas were totally or partly fragmented by forming a number of cracks. The fragmentation of the impacted area occurs most seriously in the G specimen because the impacted area disappears. Figures 9(a) through (c) are low-magnification optical photographs of the cross-sectioned STS backup substrate of the ballistically impacted target specimen. The target specimens were not perforated by the projectile, and bulges are formed in the rear surface of the backup substrate. Schematic diagram of the sectioned area of the ballistically impacted target specimen is shown in Figure 10 , from which the depth of penetration (X p ), maximum deformation hole diameter (D h ), and bulge height (H b ) were measured, and are summarized in Table II . Among ballistic parameters, the entry hole height (H e ) and entry hole diameter (D e ) could not be measured because the LM1 alloy, S specimen, and G specimen were completely separated from the substrate. According to the categories of fracture mode defined by Kanninen, [46] the target specimens mainly show a ductile hole growth type, which is most typical in general armor plates. The substrate is pushed toward the projectile direction by the impact of a projectile to form a bulge because of the ductile hole growth. Since the impacted area and its vicinity are subjected to severe deformation, the surface of the impacted substrate was roughened by the partial melting, but the cracking does not occur. When the ballistic impact properties of the LM1 alloy, S specimen, and G specimen are compared, X p , D h , and H b of the S specimen are smaller than those of the LM1 alloy or G specimen, indicating the best ballistic performance in the S specimen. When the ballistic impact properties of the LM1 alloy and G specimen are compared, X p of the G specimen is larger than that of the LM1 alloy, while D h of the G specimen is smaller, indicating the ballistic performance of the G specimen is similar to that of the LM1 alloy. However, if considering that the total thickness of the target specimen of the G specimen is smaller by 0.9 mm (10.5 mm vs 9.6 mm) than that of the LM1 alloy, the ballistic performance might be better in the G specimen.
Figures 11(a) through (f) show side views of fragmented parts of the LM1 alloy, S specimen, and G specimen. In a fragmented part of the LM1 alloy, the cleavage fracture mode is well developed (Figure 11(a) ), and vein patterns, which typically appeared in amorphous alloys, are not visible. This is because cracks rapidly propagate in a cleavage mode under an extremely fast loading condition such as ballistic impact. Figure 11(b) is an SEM micrograph of the other region of the fragmented part. Here, the cleavage fracture mode is clearly visible again, and the cleavage patterns are linearly parallel. In the S specimen, the fragmented surface is rough as woven STS fibers are exposed on it (Figure 11(c) ). STS fibers aligned parallel to the surface are exposed on the surface, while some of them are fallen off from the surface. STS fibers aligned vertical to the surface are fractured as the crack propagates rapidly through these fibers. When the dotted rectangular area in Figure 11 (c) is magnified, it is observed that STS fibers are deformed and fractured in a cone shape (Figure 11(d) ). Fiber pullouts typically observed in fiber-reinforced composites are hardly found in the S specimen. This indicates that fiber/matrix interfaces are quite strong. The fractured area of fibers shows the ductile dimpled fracture mode. In the G specimen, the fragmented surface is considerably smooth, and the cleavage fracture mode prevails overall (Figure 11(e) ). Figure 11 (f) is a magnified SEM micrograph of the dotted rectangular area in Figure 11 (e). As bundles of glass fibers are fragmented, a number of fine parallel glass fibers are fractured or fallen off from the surface. Cross-sectional SEM micrographs of a fragmented part of the S specimen are shown in Figures 12(a) and (b). The profile of the fragmented surface is rough, which indicates that the crack propagation is largely interrupted by STS fibers (Figure 12(a) ). In the interior region beneath the surface, cracks or voids are not observed. When the dotted rectangular region in Figure 12 (a) is magnified, the initiation of microcracks is observed in the amorphous matrix and the STS fiber/ matrix interface is indicated by arrows in Figure 12 (b). These microcracks hardly propagate into the interior.
IV. DISCUSSION
In general, the characteristics required for armor plates are hardness, strength, and fracture toughness, which could in turn improve mobility of armored vehicles by reducing their weight. [47] However, very hard armor plates usually cause poor weldability, fabricability, and fracture toughness, thereby restricting their application to armored vehicles. Thus, the armor plates with high hardness in the surface region and high fracture toughness in the backup substrate would be desired in order to stop or retard the traveling of projectiles. Based on this idea, the armor plates containing the woven-continuous-fiber-reinforced composites were produced by the liquid pressing process, and then their ballistic properties were examined in the present study. Since the formation of crystalline phases in the amorphous matrix and the interfacial bonding between amorphous matrix and fibers affects the ballistic performance as well as basic mechanical properties of the composites, the effects of these microstructural parameters are also discussed. When the liquid pressing process of the present study is used to fabricate woven-continuous-fiber-reinforced amorphous matrix composites, crystalline phases can be formed inside the amorphous matrix during solidification. There are two possible reasons for it. First, the chemical composition of the amorphous alloy can be deviated from the original LM1 alloy composition, because surface regions of fibers are melted and mixed with molten amorphous alloy during the liquid pressing process. If the composition of the molten alloy is deviated from the alloy composition, the amorphous matrix contains a large amount of crystalline phases. In the matrix of the S specimen, dendritic crystalline phases and fine polygonal crystalline particles, together with amorphous phases, are observed (Figures 4(c) and (d) ). These dendritic crystalline phases might be formed by the partial crystallization according to the phase separation of the amorphous alloy melt during solidification. [48] In the G specimen, crystalline particles of oxides are also observed ( Figure 5(d) ). Second, crystalline phases can be nucleated and grown at the fiber surface during solidification of the molten alloy, and thus dendrites are well developed in the fiber/matrix interfacial region. In the S specimen, the fiber/matrix interfacial region contains some coarse columnar dendritic phases, as shown in Figure 4 (c), which might work as nucleation sites for crystalline phases. For these two reasons, dendritic phases and crystalline particles are found in the matrix of the S and G specimens.
The interfacial bonding between amorphous matrix and fibers also works as an important microstructural parameter affecting the ballistic performance. The liquid pressing process has advantages of complete infiltration of the melt inside fibers and of elimination of pores or defects formed by contraction during solidification. [37] According to the previous study on tensile properties of Zr-based amorphous matrix composites reinforced with stainless steel continuous fibers, [48] fibers interrupted the propagation of shear bands or cracks initiated in the amorphous matrix and took over the loads applied in the cracked region. Though it was not clear whether crystalline phases present in the matrix might have helped the initiation of shear bands or cracks, the composite was further elongated to reach the high tensile elongation of 27 pct. This improved ductility indicated that fibers sufficiently interrupted the propagation of shear bands or cracks initiated from the amorphous matrix, and that they shared loads in areas where shear bands or cracks were formed. On fractured tensile surfaces, fiber pullouts were hardly observed, which implied a good interfacial bonding between amorphous matrix and fibers. Thus, it is expected that the present woven-continuous-fiber-reinforced composites fabricated by the liquid pressing process have sound interfacial bonding between amorphous matrix and fibers, and that effects of crystalline phases in the amorphous matrix can be minimized by roles of fibers on interruption of shear band or crack propagation. During the ballistic impact, the LM1 alloy absorbs the ballistic impact energy by forming many cracks. Cracks initiate at the ballistically impacted area and rapidly propagate and connect with other cracks to form a number of fragments or debris. Thus, the impacted area is broken and fallen off to form fragments or debris (Figure 8(a) ). Since the LM1 alloy is fragmented in a completely cleavage mode, vein patterns are not observed on the surface of fragmented parts (Figures 11(a) and (b) ).
The S specimen consists of the LM1 alloy layer of 1.0 mm in thickness in the upper region and the woven-STS-continuous-fiber-reinforced composite layer in the lower region (Figure 4(a) ). The hard LM1 alloy layer absorbs the ballistic impact energy by forming many cracks, such as in the LM1 alloy. However, cracks do not readily propagate into the tough fiber-reinforced composite layer, because it interrupts the crack propagation (Figures 11(c) and 12(a) ). When the speedy projectile hits the hard LM1 alloy layer directly, the impacted region of the layer is broken and fragmented (Figure 8(b) ). However, when the tough composite layer is placed below the hard LM1 alloy layer, the overall ballistic performance of the target specimen is improved. This might be because the composite layer containing 35 vol pct of ductile STS fibers effectively interrupts the abrupt propagation of cracks initiated in the LM1 alloy layer and minimizes the serious fragmentation of the S specimen. Though cracks or microcracks are also initiated in the amorphous matrix of the composite layer, their growth or propagation is also blocked by STS fibers. Thus, STS fibers prevent the propagation of shear bands or cracks initiated at the LM1 alloy layer or amorphous matrix.
These results of the S specimen indicate that the twolayered structure, i.e., the combination of hard and tough layers, might improve the ballistic performance through absorption of ballistic impact energy due to the cracking of the hard LM1 alloy layer and through retarding the projectile traveling due to the interruption of propagating cracks in the tough fiber-reinforced composite layer. The surface of fragmented parts is covered with deformed and fractured STS fibers without fiber pullouts (Figures 11(c) and (d) ). Thus, the S specimen composed of the hard LM1 alloy layer and the tough composite layer can effectively block the impact and traveling of the projectile, thereby resulting in the improvement of ballistic performance by about 20 pct over the LM1 alloy (Table II) . The thickness of the ballistic specimen greatly affects the ballistic performance. Since the S specimen is thicker than the G specimen reinforced with glass fibers, better ballistic performance is expected in the S specimen. Considering the effect of the specimen thickness on ballistic performance, the ballistic performance of the S or G specimen is compared with that of the LM1 alloy specimen, and mechanisms of improvement of ballistic performance are investigated to explain the ballistic test results of the S or G specimen.
The ballistic impact behavior of the G specimen is different from that of the S specimen. The G specimen consists of the woven-glass-continuous-fiber-reinforced composite layer of 2.8 mm in thickness in the upper region and the LM1 alloy layer of 1.1 mm in thickness in the lower region and in Figure 5 (a). When the projectile impacts the hard composite layer, glass fibers are preferentially fragmented to form a number of cracks, and the amorphous matrix accelerates the fragmentation of glass fibers and the initiation of more cracks. Fragmented glass fibers absorb the ballistic impact energy by forming a high density of fine cracks, fragments, and debris. The LM1 alloy layer existing below the composite layer does not interrupt the propagation of high density of cracks initiated in the composite layer because of its nature of brittleness. This process of the ballistic impact energy absorption seems to be similar to that of ceramic armor plates. [49] [50] [51] The fragmented debris could not be recovered because of their fine size, and the ballistically impacted area was gone, as shown in Figure 8(c) . According to the absorption process of ballistic impact energy, by forming very large amounts of cracks, fragments, and debris in the composite and LM1 layers, the G specimen shows excellent ballistic performance. The ballistic performance of the G specimen is similar to that of the LM1 alloy, although the thickness of the G specimen is thinner than that of the LM1 alloy or the S specimen ( Table II) . Considering that the ballistic performance increases with increasing thickness of the target specimen, it is likely that the G specimen has better performance than the LM1 alloy.
The results of this study indicate that the Zr-based amorphous composites reinforced with woven continuous fibers improve the ballistic performance through the absorption of ballistic impact energy due to the interruption or acceleration of propagating cracks initiated in the hard layer. Particularly in the S specimen reinforced with woven STS continuous fibers, the ballistic performance is improved as the composite has sufficient hardness and fracture toughness simultaneously for blocking the initiation and propagation of cracks or microcracks formed during ballistic impact, which provides a new possibility for applying armor plates requiring excellent ballistic performance. In addition, this sort of study is useful for fabrication of thick multilayered armor plates, since they can be designed readily with benefits of various kind, thickness, combination, and sequences of woven continuous fibers in the composite. Therefore, future studies should include the new design of thick multilayered armor plates and their evaluation; detailed parallel measurements of hardness, strength, ductility, wear resistance, corrosion resistance, and fracture toughness; correlation between ballistic performance and dynamic properties such as strengths and strains measured under tensile and compressive loading conditions; and interpretation of microstructural parameters by mutually related mechanical properties and composite designs.
V. CONCLUSIONS
Zr-based amorphous alloy (LM1 alloy) matrix composites reinforced with woven STS304 continuous fibers or S-2 glass continuous fibers were fabricated by the liquid pressing process, and their microstructure, hardness, and ballistic properties were investigated. which considerable amounts of polygonal crystalline particles and dendritic crystalline phases were present. 2. The S specimen (woven-STS-continuous-fiberreinforced composite) consisted of the LM1 alloy layer of 1.0 mm in thickness in the upper region and the fiber-reinforced composite layer in the lower region. The hard LM1 alloy layer absorbed the ballistic impact energy by forming many cracks, and the composite layer interrupted the crack propagation by deformed and fractured STS fibers without fiber pullouts. Thus, the S specimen could effectively block the impact and traveling of the projectile, thereby resulting in the improvement of ballistic performance by about 20 pct over the LM1 alloy. 3. According to the ballistic impact test data of the G specimen (woven-glass-continuous-fiber-reinforced composite), glass fibers were preferentially fragmented to form a number of cracks, and the amorphous matrix accelerated the fragmentation of glass fibers and the initiation of cracks. Fragmented glass fibers absorbed the ballistic impact energy by forming high density of fine cracks, fragments, and debris. Due to this energy absorption process in the composite and LM1 layers, the G specimen showed the excellent ballistic performance over the LM1 alloy. 
